Abstract. The collisional effect due to the multi-photon ionization process in dielectric material has been studied. We found that the breakdown threshold of fused silica is the same for both linearly and circularly polarized light at 55 fs and 100 fs, which we believe is an indication of the suppression of multi-photon ionization in solids. By numerically solving the time-dependent Schr6dinger equation with scattering, for the first time, we have observed substantial reduction of the multi-photon ionization rate in dielectrics due to collisions. PACS: 32.80.Rm; 77.32.Jp Multi-photon ionization (MPI) of free atoms is photoionization with photon energies smaller than the ionization potential. MPI has been uninterruptedly studied both experimentally and theoretically since its discovery in 1965 [1,2]. Experimentally, important results on ionization rate as a function of laser intensity were obtained in the 1970s [3]. The observation of ejected electrons with excessive photon energy than the minimum MPI required (termed as above-threshold ionization) widened the understanding of laser-atom interaction [4][5][6]. MuItiphoton Ionization of Atoms, edited by Chin and Lambropoulos and Atoms in Intense Laser Fields, edited by Gavrila have covered a great deal of the pursuit. In the theoretical studies of MPI, both analytical approximation and numerical methods have been employed. Keldysh studied the ionization probability of a hydrogen atom in an electromagnetic field, where the final state of the electron is described by the so-called Volkov states [7]. Depending on the adiabatic parameter, 7 = (Ui/2Up) t/2, where Ui is the ionization potential and Up = e2E2/4nm) 2 is the quiver energy of an electron in the electric field, the ionization is related to the tunneling effect for 7 < 1, or to multiphoton absorption when 7 >> 1. Keldysh's work was rediscovered and improved by Faisal and Reiss later and they are now known as the KFR theory [8, 9]. Numerical studies of the time-dependent Schr6dinger equation have also been done [10, 11]. By numerically integrating the time-dependent Schr6dinger equation, one can directly calculate the ionization of an atom in the electronmagnetic field. In both approaches, researchers were able to explain many of the observations of multi-photon processes.
PACS: 32.80.Rm; 77.32.Jp Multi-photon ionization (MPI) of free atoms is photoionization with photon energies smaller than the ionization potential. MPI has been uninterruptedly studied both experimentally and theoretically since its discovery in 1965 [1, 2] . Experimentally, important results on ionization rate as a function of laser intensity were obtained in the 1970s [3] . The observation of ejected electrons with excessive photon energy than the minimum MPI required (termed as above-threshold ionization) widened the understanding of laser-atom interaction [4] [5] [6] . MuItiphoton Ionization of Atoms, edited by Chin and Lambropoulos and Atoms in Intense Laser Fields, edited by Gavrila have covered a great deal of the pursuit. In the theoretical studies of MPI, both analytical approximation and numerical methods have been employed. Keldysh studied the ionization probability of a hydrogen atom in an electromagnetic field, where the final state of the electron is described by the so-called Volkov states [7] . Depending on the adiabatic parameter, 7 = (Ui/2Up) t/2, where Ui is the ionization potential and Up = e2E2/4nm) 2 is the quiver energy of an electron in the electric field, the ionization is related to the tunneling effect for 7 < 1, or to multiphoton absorption when 7 >> 1. Keldysh's work was rediscovered and improved by Faisal and Reiss later and they are now known as the KFR theory [8, 9] . Numerical studies of the time-dependent Schr6dinger equation have also been done [10, 11] . By numerically integrating the time-dependent Schr6dinger equation, one can directly calculate the ionization of an atom in the electronmagnetic field. In both approaches, researchers were able to explain many of the observations of multi-photon processes.
We would like to point out, however, that most of the experiments on MPI were done with low pressure gases where inter-atomic distance is larger than the electron excursion amplitude, hence collisional effect is negligible, and theoretical studies were also concentrated on single atoms interacting with the laser field.
Recently, we performed a series of laser-induced breakdown (LIB) experiments with pulse widths ranging from 150 fs to 7 ns in wide-hand-gap dielectric materials [12] . The normally transparent dielectric material can be ionized by the intense laser radiation and absorbs the photon energy, resulting in a catastrophic breakdown of the material. The key factor in LIB is the free electron generation. Since the photon energy is much smaller than the energy gap of the material, the electron generation is through nonlinear processes. The main mechanisms for free electron generation are avalanche ionization and multi-photon ionization. Our findings show that avalanche ionization dominates the breakdown, and multiphoton ionization effect is small even at the short pulse width regime where one would expect that MPI is much stronger due to the high intensity of the laser field. It puzzles us and motivates us to further investigate the photoinization process in solids. In solids and dense gases, the excursion amplitude of a valence electron can become bigger than the inter-atomic distance when high intensity laser pulses are applied. Therefore, scattering of the electron off the neighboring atom is likely to occur during an optical cycle. Because of the high collision frequency inside solids, the periodic motion of electrons has been disturbed, and the electrons are dephased with respect to the driven field. Hence we believe that MPI will be suppressed in solids.
In this paper we report our investigation on MPI in solids through laser-induced breakdown experiments and by numerical integration of the time-dependent Schr6din-ger equation. We performed laser-induced breakdown experiments with both linearly and circular polarized light. A chirped pulse amplification laser system was used in the experiment [13] . The laser pulse widths were 55 fs and 100 fs full width at half maximum (FWHM). Fused silica samples were made from Corning 7940, with a thickness of 150 gm. The detailed description of the experimental setup can be found elsewhere [12] . Two diagnostics were used to identify the onset of the breakdown. We observed the decrease of the transmission due to reflection from the formed critical density plasma as well as the emission from the plasma at the focus spot. The results are shown in Fig. 1 . The breakdown threshold decreases as pulse width decreases from the nanosecond regime to about 10ps, following the empirical scaling law of fth OC ~. However, as pulse width becomes shorter than a picosecond, the threshold did not decrease, which indicates that multi-photon ionization is not a dominant process. The solid line in Fig. 1 is based on avalanche ionization theory in the DC limit by Thornber [14] and assuming that the initial electron density is on the order of 10S/cm z. The deviation from the DC avalanche ionization theory is due to the multi-photon ionization contribution to the initial electron generation. Multi-photon ionization takes place at the very leading edge of the pulse. When the laser intensity becomes so high that the electron excursion amplitude is greater than the inter-atomic distance, multiphoton ionization effect will be reduced because of very frequent collisions in the solid, as we will show later.
Also notice that there is no observable difference on the breakdown threshold for the linearly and circularly polarized light for pulse width of 55 fs and 100 fs. The breakdown threshold for 55 fs pulses is 8.0 J/cm z and 12.0 J/cm 2 for 100 fs pulses. These correspond to intensities of 1.45 x 1014W/cm 2 and 1.2 x 1014 W/cm 2, respectively. This result is, again, in contradiction to the multiphoton ionization theory. Previous experiment by Lompr6 et al. showed that the ionization rate for linearly and circularly polarized light is quite different [15] . The linearly polarized light can ionize much more efficiently than the circularly polarized light when ionization is through fourth or higher order photon absorption. This Laser pulse width (ps) Fig. 1 . The breakdown threshold as a function of pulse width. Solid line is based on the avalanche ionization theory. At pulse widths of 55 fs and 100 fs, the difference of breakdown threshold between circularly and linearly polarized light is within experimental error was explained by Gontier and Trahin [16] . It is understandable that due to the conservation of angular momentum, the channels to the final states are much fewer for circularly polarized light. Therefore, linearly polarized light should have a much smaller breakdown threshold than that of circularly polarized light, if multiphoton ionization process is uninterrupted as it is in low density gases. This contradiction can be explained if we realized that we used solid state material as our target, whereas gases were used by Lompr6 et al. and MPI is suppressed in solids when the electron excursion amplitude becomes bigger than the inter-atomic distance as our numerical calculation shows below.
In order to study the scattering effect on MPI, we numerically integrated the time-dependent Schr6dinger equation. Scattering effect in MPI has been simulated by the Monte Carlo method. To our knowledge, collisional effect of a bound electron with neighboring atoms in the MPI process has not been addressed before.
Laser-atom interaction can be described by the timedependent Schr6dinger equation
where V(r) is the coulomb potential, P is the electron momentum, and A(r, t) is the vector potential of the laser field. Expanding (1), we have ih #~P(r, t) p2 e ~?~ -2m ~P(r, t) + ~ (A. P + P. A)~P(r, t) e2A 2 2mc2 ~(r, t) + V(r)~(r, t).
In the dipole approximation, the laser field is spatially uniform, A(r, t)= A(R, t)= A(t), where R is the coordinate of the nucleus. Then P.A =A.P-ihV.A =A.P.
Equation (1) 
where 0 is the angle between A and P. First, we solved the time-dependent Schr6dinger equation numerically without including collisions to test our simulation. We followed the approach used by Kulander [10] . The Alternating-Direction-Implicit (ADI) method [17] is used to solve (3). We integrated the Schr6dinger equation for 20 periods. The laser field took five periods to
